continues to rise after the initial Z-to 3-min transient period of exercise when work exceeds approximately 60% of vo* n-lax* The purpose of this investigation was to examine the possible causes of this slow rise in $70~. Eighteen subjects exercised for 20 min at 65% and at 80% of VO, MaX on the bicycle ergometer.
and respiratory exchange ratio were monitored by a continuous computerbased system. Blood lactate concentration and rectal temperatures were measured at 2-to 3-min intervals during the exercise. VO, increased significantly from the 5th to 20th min of exercise in 81% of the tests at both levels of work intensity. The magnitude of the rise was not different for the two work loads. No evidence was found to support the lactacid explanation proposed for this rise. Increased temperature could account for 30% of the rise; the estimated cost of increased VE could account for 30 and 81% of the rise at the two work loads. The sum of these factors could account for 60 and 111% of the rise in vo, at the 65 and 80% of vo, max work loads. oxygen uptake; oxygen uptake kinetics; ventilatory control; cost of ventilation; rectal temperature; blood lactate A NUMBER OF INVESTIGATORS (8, 18, 23) have reported that oxygen uptake (VQ) continues to increase after the initial 3 min of exercise at work rates requiring more than 60% of vo, max. The slow rise of vo, after the initial minutes of exercise has been attributed by Henry (13) and Volk ov et al, (22) to the removal of blood lactate. However, it is well known that other, potentially calorigenic, factors, are also changing during long-term exercise. The purpose of this study was to investigate the possible role of substrate utilization, rectal temperature, and ventilation in causing the slow rise of vo, during constant-load exercise in addition to indirectly investigating the possibility of an explanation based on the metabolism of lactate.
METHODS
Eighteen male subjects, aged 20-33 yr, volunteered to take part in the experiment. All signed informed consent statements after the design of the study and its potential hazards were outlined. They first completed a continuous incremental bicycle ergometer test to assess their voZ max; the initial load ranged from 360 to 720 kpmimin and was increased by 180 kpmimin until subjective exhaustion occurred (11). vo, max values ranged from 39.7 to 60.7 ml. kg+ l min-l with a mean of 51.9 -+ 1.4 ml w kg+ l min?
All subjects were scheduled to complete two ZO-min exercise bouts on a bicycle ergometer at work loads chosen to elicit 65 and 80% of VO, max for each subject. A number of the exercise tests had to be eliminated from the analysis because of technical difficulties. This left a total of 25 complete tests for the final analysis. The missing data included the Vo2 data from two runs, the lactate data from three runs, and the temperature data from three runs. In addition, three subjects were unable to complete the 20-min test at 80% of VO, max* Blood samples were drawn through a Teflon catheter placed in an antecubital vein at rest and after 1, 3, 5, 8, 11, 14, 17 , and 20 min of exercise. Blood samples were immediately pipetted into chilled trichloroacetic acid (TCA) solution and later analyzed for lactate concentration by the method of Barker and Summerson (2). A Yellow Springs telethermometer was used to monitor core temperature at the time each blood sample was taken.
voZ was monitored continuously on a breath-bybreath basis throughout the exercise. The computerbased system was similar in design to that previously described (5) and utilized a PDP-12 digital laboratory computer, Beckman OM-11 and LB-2 rapid response gas analyzers, and an expiratory pneumotachometer attached to a Statham differential pressure transducer. The pneumotachometer was positioned approximately 6 ft from the breathing valve (5). Gas samples were continuously drawn to the analyzers at a rate of 200 ml/ min through narrow-gauge tubing connected directly to the mouthpiece; expired flow was corrected for this continous sampling rate. i70, was calculated as described by Beaver et al. (5) and included a correction for expired water vapor dilution of the respiratory gas fractions (4).
The vo2 data points for the entire run were fitted to the two-component exponential model described by Henry (13) and Volkov et al. (22) using an iterative nonlinear regression technique. The regression data concerning the second component, which is slower and quantitatively smaller than the first component, were utilized to describe the time course of the Voz beyond the initial minutes of exercise. Also, the raw VO, data were averaged in the 5th and 20th min of exercise and compared using a t test to determine if the second, slow component of the rise in ire, was statistically evident.
Expired volume (VE) and respiratory exchange ratio (RER) were also averaged in the 5th and 20th min to (12) who found a 5.5% increase in vo2 during exercise for a 1.3"C increase in rectal temperature.
RESULTS
A statistically significant (P < 0.05) rise in vo, from the 5th to 20th min of exercise occurred in 76% of the tests at 65% of vo 2 max and 85% of the tests at 80% of l vo 2 max (Table 1) ; however, the magnitude of the rise at these two work loads was not significantly different. The time course of the second component of exercise vo2 at the two work loads was not significantly different. The average half time of the slow rise in vo, was 3,7 min.
The maximum blood lactate level during exercise at 65% of VO, max was 28.7 t 3.3 mg/lOO ml (n = 13, mean t SE). Blood lactate concentration remained essentially unchanged after the 8th min of exercise (Fig. 1) .
The mean lactate concentrations for exercise tests requiring 80% of 'cio 2 max are presented in Fig. 1 . The subjects had average maximum lactate values of 66.1 -+ 6.8 mg/lOO ml; an increase in lactate concentration of 15.3 -t-2.9 mg/lOO ml occurred between min 8 and20 of exercise (Table 2) . Sixteen runs (5 at 65% and 11 at 80% of vo2 max> exhibited maximum blood lactate levels in excess of 30 mg/lOO ml and were included in the analysis of the relationship of the change in lactate to the change in vo2. The correlation between these two variables was 0,48 (P < 0.05) in these 16 runs; however, in the 9 remaining tests where lactate was only slightly elevated above resting levels, the rise in vo, was still evident.
The change in rectal temperature could account for 31% of the rise in vo2 at both work loads (Fig. 2) .
Ventilation increased between the 5th and 20th min of exercise at both work loads (Table 3 ). The estimated cost of this increased ventilatory work could account for 30% of the rise in VO, at 65% of VO, max and 81% of the rise Of 80% Of V02maxm
It is interesting to note that at the heavier work load, where a marked hyperventilation occurred, the increase in ventilatory work could account for a major portion of the increase in vo2. The increase in ventilation at both loads was brought about by an increase in breathing frequency (Table 3) . Paired t tests revealed no significant differences between the tidal volumes at the 5-and 20-min point at each work load, though the tendency for a slight increase was evident. However, breathing frequency increased by 14% from the 5th to 20th min of exercise at 65% of 00, max and by 30% at 80% of VOW max.
The average change in RER from the 5th to the 20th min of exercise was 0 and -0.02 at the 65 and 80% of VOW max work loads. However, it must be pointed out that we measured RER at the lungs which is influenced by hyper-or hypoventilation and thus may not be indicative of respiratory quotient (RQ) at the muscle in either of these situations, The change in substrate utilization at 65% of vo 2 max would have been evident from the change in RER because there was very little change in PkO, between the 5th and 20th min of exercise (Table 4) . However, at 80% of VO, max a larger change in substrate utilization would have been evident, if a progresqive hyperventilation had not occurred between the 5th and 20th min of exercise (Table 4 ). The observed changes in RER could account for only a 0.5% rise in VO, at the 80% of Vo2 max work load.
DISCUSSION
The slow rise of Vo2 during constant-load work was evident at both work loads, 65 and 80% of iTo maxi investigated in this study. The magnitude of the rise in vo2 from the 5th to the 20th min of exercise is similar, at the heavier work load, to those reported by Nagle et al. (18) for treadmill running at 82-89% of vo2 maxa This slow rise in vo2 from the 5th to 20th min of exercise must be caused by changes occurring after the 5th min of exercise and must not be caused directly by the work load itself because the VoZ value in the 5th min of exercise is essentially that which would be predicted for that absolute work load on a bicycle ergometer (Table  1) . occurred by the 20th min of exercise.
The cause of the observed rise in 00, during constantload work is unknown. Henry (13) and Volkov et al. (22) both theorized that it was due to an oxidative removal of lactate from the blood. Our results, thou .gh indirect, offer two refutations to this "metabolism of lactate" explanation offered for the slow rise in Vo, observed during constant-load exercise. First, though there was a small, but significant, correlation between the change of 00, and blood lactate in tests which elicited blood lactate concentrations in excess of twice the resting level, the rise in voZ was also evident at work rates where virtually no change in blood lactate was observed from rest to exercise. Second, at 80% of Vo2 max, all of the rise in iToZ was accounted for by the increases in temperature and ventilation.
Thus, our data support the contention th .at the slow rise of VoZ in exercise appears not to be solely a "lactacid" phenomenon (1, 3); in fact, little experimental evidence exists to assign any role to such a mechanism.
One calorigenic factor involved in causing the increase in Vo, during constant-load exercise is the direct effect of temperature. The observed increases in rectal temperature could account for a 57 and 103 ml/min rise in VO, at the 65 and 80% of iTo max work loads. Both values are approximately 3% of the total vo, in 1 l min-I, implying that the metabolic effect of the temperature rise is proportional to the energy utilization, and hence heat release, of the subjects.
Ventilation increased from the 5th to 20th min of exercise at both work loads, Other authors (7, 8, 18) have noted increases in ventilation during constantload exercise similar to those in the present investigation. Our results concerning the cost of the increased ventilation should probably be interpreted qualitatively, rather than quantitatively, since the oxygen cost of increased ventilation has been shown to be highly variable (20) , and in fact, may be due to cellular alkalosis rather than increased work of the respiratory muscles (6, 15). Our data reveal that one-third of the rise in VO, at 65% of VO, max can be attributed to increased ventilation.
The ventilatory cost, however, can account for four-fifths of the i70, rise at a heavier work load where a more marked hyperventilation occurs. Our data support the fmdings of Katch et al. (16) who found that only a portion of the rise in ire, during constant-load exercise could be attributed to the cost of increased ventilation.
The rise in ventilation during this period is interesting from another standpoint. Though VE is increasing, which will inherently decrease exercise efficiency because of the additional work of the respiratory muscles, an attempt to limit the decrease in efficiency is made by causing an in crease in breathing frequency rather than an increased tidal volume. It ha .s been shown that an The mathematical models of vo, in exercise (13, 22) predict that the observed rise in Voe after the initial increase in frequency is the more efficient method, in terms of oxygen cost and mechanical work, to increase minutes of exercise is an exponential function of time.
ventilation (9). Thus the changes in Vo, during successive 3,7-min
The cause of this increased ventilation that occurs after the initial minutes of constant-load exercise is periods will decrease until virtually no change is ob-unknown. The ventilation is increased beyond that required to maintain arterial Pcoz homeostasis; as shown in Table 4 , the result is an arterial hypocapnia. One ventilatory control factor often implicated in mediating this hypocapnic ventilation is an increased temperature.
Dempsey and Reddan (10) have demonstrated that abolishing the rise in core temperature during exercise also eliminated the hypocapnic hyperventilation.
The correlation between the increase in rectal temperature and the rise in ventilation during the last 15 min of exercise was 0.59 (P < 0.001) in the present investigation, which would lend support to the hypothesis that temperature may play a predominant role in altering ventilation during long-term exercise.
The change in substrate utilization indicated by the RER, as measured in the expired air, contributed very little to the elevation of vo, during the exercise. A portion of the decrease in tissue RQ, which would indicate a switch to fatty acids as the carbon source for the TCA cycle, was masked by a hyperventilation at the lung. Thus, if the RQ could have been measured at the tissue level, a much larger increase in Vo, could have been attributed to the shift to an energetically less efficient oxidation of free fatty acids.
The total calculated effect of the three calorigenic factors, ventilation, temperature, and respiratory quotient, could account for 60% of the rise in vo2 during exercise requiring 65% of vo, max and for essentially all (actually 111%) of the rise in VO, at 80% of VO, max. Thus, it seems that at a lighter work load, 65% of Vo, max in this study, an as yet unknown factor must account REFERENCES for much of the increase in ire,. Various other factors (circulating catecholamines and mechanical efficiency) may also contribute to the increase in Vo2 during the exercise. The effect on Vo, during long-term work of these two, possibly calorigenic, factors can not be ascertained, either qualitatively or quantitatively, at this time.
The net result of the data, concerning the rise in Vo,, VE, and temperature and the slight decline in RER at the work loads investigated, implies that what people have called the "steady state" is really a period of nonsteady-state exercise. Even though the changes in these variables are relatively small when compared to those that occur in the initial minutes of exercise, their absolute magnitude is such that they can hardly be considered invariable with time.
Our data indicate that the cause of the slow increase in vo, is primarily a temperature effect, both directly, as evidenced by a QIO effect, and indirectly, by causing a slight hyperventilation which increases the vo2 of the respiratory muscles.
